To elucidate molecular mechanisms in learning and memory, we analyzed expression of mRNAs in brains of rabbits undergoing eyeblink conditioning. Infusion of the transcription inhibitor actinomycin D into the cerebellar interpositus nucleus reversibly blocked learning but not performance of the conditioned response. Differential display PCR analysis of cerebellar interpositus RNAs from trained and pseudotrained rabbits identified a 207 bp band that was induced with learning. The fragment was used to isolate a cDNA from a gt11 rabbit brain library containing a 1698 bp open reading frame. The deduced amino acid sequence contains the KKIAMRE motif, which is conserved among cell division cycle 2 (cdc2)-related kinases. These results suggest that there is a new category of cdc2-related kinases in the brain whose function may be important in learning and memory.
To elucidate molecular mechanisms in learning and memory, we analyzed expression of mRNAs in brains of rabbits undergoing eyeblink conditioning. Infusion of the transcription inhibitor actinomycin D into the cerebellar interpositus nucleus reversibly blocked learning but not performance of the conditioned response. Differential display PCR analysis of cerebellar interpositus RNAs from trained and pseudotrained rabbits identified a 207 bp band that was induced with learning. The fragment was used to isolate a cDNA from a gt11 rabbit brain library containing a 1698 bp open reading frame. The deduced amino acid sequence contains the KKIAMRE motif, which is conserved among cell division cycle 2 (cdc2)-related kinases. These results suggest that there is a new category of cdc2-related kinases in the brain whose function may be important in learning and memory.
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Several lines of evidence have pointed to the cerebellum as a critical structure in the formation and storage of the memory trace in eyeblink conditioning (Thompson and Krupa, 1994) . The neural output from the cerebellar (interpositus) deep nuclei to target structures forms the essential efferent pathway in this type of learning (Thompson, 1986; Krupa et al., 1993; K im et al., 1996 ; Kim and . The cerebellum receives projections from mossy fibers and climbing fibers, which are thought to convey information about the conditioned stimulus (CS) and unconditioned stimulus (US), respectively. The C S and US signals converge in the cerebellar cortex and deep nuclei (Ito, 1984; Thompson, 1986) . The convergence of these two inputs also fulfills the condition required for the induction of cerebellar long-term depression (LTD) (Ito, 1989; Linden and Conner, 1995) .
Recent studies of eyeblink conditioning in various gene knockout mice have shown that deficits in cerebellar LTD correlated with impairment in eyeblink conditioning (Aiba et al., 1994; Shibuki et al., 1996) . Purkinje cell degeneration ( pcd) mutant mice, which lack cortical efferents to the deep nuclei, exhibited a marked impairment in eyeblink conditioning , but significant learning did occur. Substantial impairment in eyeblink conditioning has also been reported in rabbits with lesions limited to cerebellar cortex (Yeo et al., 1985b; Lavond et al., 1987; Lavond and Steinmetz, 1989a) . In contrast, lesions of the cerebellar deep nuclei, in particular the dorsal anterior interpositus nucleus (IN), completely prevented learning in naive animals and permanently abolished conditioned responses (CRs) in well trained animals (Lincoln et al., 1982; McCormick et al., 1982; Yeo et al., 1985a; Clark et al., 1992; Steinmetz et al., 1992; Krupa et al., 1993) . Such effective lesions had no persisting effects on any aspect of the reflex unconditioned response (Steinmetz et al., 1992; Ivkovich et al., 1993) . Finally, reversible inactivation of the IN during training completely prevented learning, but reversible inactivation of the immediate output from the IN, the superior cerebellar peduncle, and its target, the red nucleus, did not prevent learning at all (Clark et al., 1992; Clark and Lavond, 1993; Krupa et al., 1993; Nordholm et al., 1993; Thompson, 1995, 1997) . Thus, within the neural circuitry involved in eyeblink conditioning, the IN represents a critical locus for the acquisition and expression of the CR.
Much experimental evidence supports the idea that the synthesis of new RNAs or proteins are necessary for long-term changes in synaptic efficacy associated with long-term memory formation (Barondes and Cohen, 1966; Agranoff, 1967; Davis and Squire, 1984) . For example, transcription and translation inhibitors blocked long-term facilitation (LTF) of the gill-withdrawal reflex in Aplysia (Montarolo et al., 1986) . Long-term memory was further shown to require the activation of the transcription factor cAMP response element-binding protein (CREB) in some animal models (Kaang et al., 1993; Bourtchuladze et al., 1994; Yin et al., 1994) . As for eyeblink conditioning, infusion of the protein synthesis inhibitor anisomycin into the IN was reported to interfere with conditioning in the rabbit (Bracha and Bloedel, 1996) .
In this article, we report our studies to further unravel the molecular pathways underlying eyeblink conditioning. We first demonstrated that inhibition of RNA synthesis in the interpositus nuclear cells interfered with the acquisition of CRs. Next, we applied the method of differential display PCR (DD-PCR) (Liang and Pardee, 1992) to examine changes in gene expression that accompanied eyeblink conditioning. We identified an RNA molecule that was induced with conditioning. The cDNA cloning and sequence analyses showed that the expressed gene was the KKI-AMRE kinase, a member of the cell division cycle 2 (cdc2)-related and mitogen-activated protein (M AP) kinase family.
MATERIALS AND METHODS
Subjects. New Z ealand white male rabbits (Or yctolagus cuniculus), weighing between 2 and 3 kg were individually housed at the University of Southern C alifornia Hedco Neuroscience Building vivarium with a 12 hr light /cycle. The experiment was conducted during the light phase of the cycle. Rabbits had access to food and water ad libitum.
Inf usion of actinomycin D. Stainless steel guide cannulas (25 ga) were implanted in the head of the animals with the tip fixed at 1.5-2.0 mm dorsal to the I N ipsilateral to the eye to be trained (left) (stereotaxic coordinates from lambda: 0.8 mm anterior, 5.2 mm lateral, and 14.0 mm ventral). Each guide cannula was filled with an inner stainless steel stylet designed to keep the guide cannula patent. Animals were given 5 d to recover from surgery. At inf usion, the stylet was removed, and an inner cannula (31 ga) was inserted to the target locus. Delivery of fluids through the inner cannula was accomplished by a 10 l Hamilton syringe driven by a syringe pump. Fluids were delivered to the target area at a rate of 0.38 l /min for 2.6 min. For the experimental group, 1 ng of actinomycin D (ActD) (in 1 l of vehicle) was inf used daily 30 min before the start of each training session for 5 d (n ϭ 7). This dosage was determined in pilot studies; higher doses, e.g., 5 ng, caused permanent damage to the tissue. The animals were given 2 d rest and then trained for 5 more days without drug inf usion. At training day 11, the experimental group was treated with 1 g of muscimol, which is known to reversibly inactivate the I N (Krupa and Thompson, 1997) . For the control group, 1 l of artificial C SF (AC SF) (vehicle) was inf used into the IN for 5 d (n ϭ 5). At day 6, control animals were inf used with 1 ng of ActD 30 min before training. On training day 7, 1 g of muscimol was inf used.
Behavioral training. For the inf usion experiments, all animals were subjected to eyeblink conditioning under the delay paradigm. The rabbits were allowed 1 d (1 hr) of habituation to the restrainer and the behavioral recording chamber. On the following day, paired tone -air puff training began. For each day, the training session began 30 min after drug inf usion, and we gave only 10 trials per day (instead of the standard 100 trials per day; see below) to maximize the possibility that ActD was acting on the learning process before the long-term memory had been well established. The tone C S was a 350 msec, 1000 Hz, 85 dB tone, and the air puff US was a 100 msec puff of air (3 psi at the source) delivered to the rabbit's cornea, the C S and US coterminating. The mean intertrial interval (I TI) was 60 Ϯ 10 sec. Nictitating membrane (NM) conditioned responses were measured using a minitorque potentiometer attached to a small loop of monofilament nylon thread on the NM of the rabbit's left eye. Output of the potentiometer was digitized and recorded by computer. A conditioned response was defined as any NM extension response greater than 0.5 mm that occurred after tone onset but before air puff onset. The intratrial and intertrial timing, stimulus presentations, data collection, and analysis were performed by a personal computer with a program written in Forth and machine language (Lavond and Steinmetz, 1989b) .
For DD-PCR analysis, four animals in the experimental group were trained under the standard delay paradigm in which each the daily training session consisted of 100 trials arranged into 10 blocks. Each block included one C S alone, one US alone, and eight C S -US paired trials. The I TI was 30 Ϯ 10 sec. The four animals in the control group were given an equal number of unpaired tone and air puff stimuli.
R NA isolation and differential display. Once the paired group reached criterion (showing Ͼ80% CR), all animals were killed by lethal injection with sodium pentobarbital (300 mg, i.v.) through the ear vein, and the brains were quickly removed and frozen. The cerebellum was then mounted on a cryostat and cut in the coronal plane until the deep nuclei just became visible. The deep nuclei tissue was removed and homogenized in TRIzol Reagent (Life Technologies, Gaithersburg, MD). RNA was isolated following the manufacturer's protocol. RNA samples were treated with RQ1 RNase-free DNase (Promega, Madison, W I) to remove chromosomal DNA.
Differential display was performed following the protocol of RNA Image kit (GenHunter, Nashville, TN). T wo hundred nanograms of total RNA were used for reverse transcription (RT), followed by arbitrarily primed PCR using [␣-
32 P]dATP (2000 C i /mmol; Amersham Pharmacia Biotech, Uppsala, Sweden) and Taq DNA polymerase (Promega). Samples were then separated by electrophoresis on 6% polyacrylamide sequencing gels. The gels were dried under vacuum and exposed to x-ray films. DNA from the band of interest was extracted and reamplified by PCR following the manufacturer's instructions. The amplified DNA fragment was subcloned into the pCR-II vector of the TA C loning System (Invitrogen, San Diego, CA). Multiple plasmid preparations were analyzed by EcoRI digestion, 1.5% agarose gel electrophoresis, and DNA sequencing using the Ladderman Sequence kit (TaKaRa, Tokyo, Japan).
Probe labeling and cDNA librar y screening. Plasmid DNA was digested with EcoRI, and the insert was separated from the vector by electrophoresis on 1.2% agarose. The insert band was excised from the gel and purified using the M ERmaid kit (BIO 101, Inc., C arlsbad, CA). T wentyfive nanograms of the insert was radiolabeled with [␣- 32 P]dC TP and Megaprime DNA Labeling System (Amersham Pharmacia Biotech). Approximately 5 ϫ 10 5 plaques of rabbit brain 5Ј-Stretch Plus gt11 cDNA library (C lontech, C ambridge, UK) were screened using the differential display cDNA fragment. The isolated phage clones were purified, digested with EcoRI, and subcloned into pBluescript II vector (Stratagene, La Jolla, CA). Screening of the cDNA library was repeatedly performed using the appropriate probes prepared from primarily isolated cDNA clones.
Northern blot anal ysis. Poly(A ϩ ) RNA was purified from total RNA using PolyATract mRNA Isolation Systems (Promega). Denatured RNA samples (3 g) were subjected to electrophoresis in 1.0% agaroseformaldehyde gels, transferred to GeneScreen Plus hybridization transfer membranes (DuPont N EN, Boston, M A), cross-linked by UV irradiation, and hybridized with a 32 P-labeled cDNA probe. Membranes were exposed to x-ray film at Ϫ70°C with an intensif ying screen.
RT-PCR and Southern blot anal ysis. T wo hundred nanograms of DNase-treated total RNA was reverse transcribed in a 20 l reaction mixture with the following composition: 5ϫ RT buffer (Life Technologies), 10 mM DTT, 0.5 mM dN TPs, 100 nM oligo-dT 12-18 primer (Life Technologies), 40 U of RNasin ribonuclease inhibitor (Promega), and 200 U of MMLV reverse transcriptase (Life Technologies). After 60 min at 37°C, the reaction was terminated by heating at 95°C for 5 min and stored at Ϫ20°C. PCR amplification was performed for 20 -35 cycles with the following thermocycle: 30 sec at 94°C, 1 min at 60°C, and 1 min at 72°C using GeneAmp PCR System 9600 (Perkin-Elmer, Emery ville, CA). The 20 l reaction mixture contained 0.5 U Taq DNA polymerase, 2 l of RT mixture, 250 mM dN TPs, 2.0 M MgC l 2 , and 250 nM each primer. The amplified DNA was separated by agarose gel electrophoresis and transferred to GeneScreen Plus hybridization membrane. The filters were hybridized with a 32 P-labeled cDNA probe. To evaluate gene expression level, the cloned cDNA of the desired sequence were serially diluted (2 ϫ 10 6 to 2 ϫ 10 1 copies) and processed in the exact manner as the other samples. PCR primers were 5Ј-TTGCAGAAGAAGGAAC-GACA-3Ј for the sense primer and 5Ј-TGTCGTTCCTTCTTCTG-CAA-3Ј for the antisense primer to generate a 399 bp [nucleotides 1846 -2244 of rabbit (Rbt) KKIAMRE]. As an internal control for the quality of RNA and RT samples, the rabbit neurofilament-L (NF-L) cDNA (nucleotides 948 -1646) (Soppet et al., 1991) was amplified using the sense primer 5Ј-AAGGCCAAGACCC TGGAGAT-3Ј and the antisense primer 5Ј-TCAATCTTTCTTCTTGGTTG-3Ј.
Immunohistochemistr y. Rabbits were deeply anesthetized with sodium pentobarbital and fixed with 800 ml of 4% ice-cold paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4, via cardiac perf usion after washing out blood with 500 ml of physiological saline perf usion. The brain was removed and post-fixed with the same fixative overnight at 4°C. Tissues were dissected and equilibrated in 30% sucrose in 0.1 M sodium phosphate buffer, pH 7.4. Frozen sections (30-m-thick) were cut using a cryostat. The sections were washed with PBS containing 0.1% Triton X-100 (PBS/ T x) and the nonspecific reaction blocked by immersion in 0.3% hydrogen peroxide and 10% normal donkey serum. Subsequently, the sections were reacted with a 1:250 dilution of an anti-K K IAMRE (N-20) antibody (catalog #sc-6287; Santa Cruz Biotechnology, Santa Cruz, CA) for overnight at 4°C. After repeated washes with PBS/ T x, the sections were incubated with a 1:2000 dilution of a biotinylated anti-goat secondary antibody (Chemicon, Temecula, CA). Immunohistochemical detection was performed with an avidin -biotin -peroxidase technique using the Vectastain ABC kit and DAB substrate kit obtained from Vector Laboratories (Burlingame, CA).
RESULTS

Actinomycin D reversibly inhibited eyeblink conditioning
Rabbits underwent eyeblink training (10 paired trials per day) 30 min after inf usion of 1 ng of ActD or AC SF into the dorsal anterior I N ipsilateral to the trained eye. An ANOVA was completed for the first 5 d of training for both groups (ACSF and ActD); the groups differed significantly (F (1 , 10) ϭ 15.4; p Ͻ 0.003); days of training was significant (F (4, 40) ϭ 17.9; p Ͻ 0.0001), as was the interaction (F (4,40) ϭ 14.2; p Ͻ 0.0001). As shown in Figure 1 , rabbits receiving AC SF inf usion reached criteria (Ͼ80% CR) at the end of 5 d of training (ANOVA over training days 1-5, F (4,16) ϭ 19.9; p Ͻ 0.01). Inf usion of ActD at day 6 into these control animals did not prevent the expression of acquired CRs. Infusion of 1 g of muscimol on day 7 completely abolished the CRs (Krupa et al., 1993) . Rabbits receiving ActD inf usions exhibited low levels of CRs at the end of 5 d (ANOVA over training days 1-5, F (4, 24) ϭ 1.35; NS). After 2 d rest, animals in the experimental group were trained without drug inf usion, and they showed a gradual increase of CRs (ANOVA over training days 6 -10, F (4,24) ϭ 7.61; p Ͻ 0.01). Most animals in the experimental group reached criterion after 5 d of additional training without drug inf usion. At day 11, the experimental group was infused with 1 g of muscimol, which completely abolished the expression of CRs. C annula placements were all in or within close approximation to the dorsal anterior interpositus nucleus and were effective, as demonstrated by muscimol abolition of the CRs in all animals (Krupa et al., 1993) .
Identification and cloning of rabbit KKIAMRE
Four experimental rabbits trained with our standard CS-US paired stimuli schedule (100 trials per day) showed over 80% CRs after 4 d of training, whereas the four control rabbits trained with unpaired C S -US stimuli did not show significant levels of CRs (Fig. 2) . All subjects were killed immediately after the day 4 training session, and their brains were removed. RNA was isolated from the I N and overlying cortex (hemispheric lobule VI) because these regions represent essential sites for eyeblink conditioning (Thompson and Krupa, 1994) . DD-PCR was performed by using 48 different sets of primers. Among the bands of PCRamplified fragments from paired and unpaired deep nuclei mRNA, a 207 bp cDNA fragment was identified that was differentially expressed in the cerebellar deep nuclei (Fig. 3) . The nucleotide sequence of this cDNA fragment did not share homology with any other known sequences. Approximately 5 ϫ 10 5 plaques of a gt11 rabbit brain cDNA library (Clontech) was screened using the DD-PCR cDNA fragment as the probe and Figure 1 . Infusion of ActD into the left IN inhibited eyeblink conditioning (left eye). Graph shows average percent CRs for control (n ϭ 5) and experimental (n ϭ 7) animals. All subjects were trained with only 10 paired CS-US trials per day. The control group (F) received ACSF infusion for the first 5 training days, 1 ng of ActD on the sixth training day (OE), and 1 g of muscimol on day 7 (f). The experimental group (OE) received infusion of 1 ng of ActD each day for 5 d. After 2 d rest, experimental animals were trained without drug infusion for 5 more days (E). At day 11, the experimental group was infused with 1 g of muscimol (f). . DD-PCR patterns of RNAs isolated from the cerebellar deep nuclei of C S -US paired and unpaired stimuli conditioned rabbits. Differential display reactions were performed using 5Ј-AAGCTTTTTT-TTTTTA-3Ј as an anchored primer and 5Ј-AAGC TTTGGTCAG-3Ј as a random arbitrary primer. The arrow indicates a PCR-amplified 207 bp cDNA fragment that appeared to be induced with paired training. eight overlapping clones were isolated. Eight additional overlapping clones were isolated by screening with a more 5Ј region of the cDNA. A f ull-length cDNA (3080 bp) was constructed from the overlapping clones, and it contains a 1698 bp open reading frame. Figure 4 shows the nucleotide sequence and predicted amino acid sequence of the cDNA. Comparison of the predicted amino acid sequence of the cDNA with the GenBank database (BLAST fileserver) revealed high homology with human p56 protein kinase (p56 K K IAMRE), which was reported to be related to cdc2 and M AP kinases (Taglienti et al., 1996) . These proteins share 97.2% amino acid identity in the kinase domain (Fig. 5) . The molecule we isolated was thus named Rbt KKI-AMRE kinase. Although the Rbt K K IAMRE was very similar to that of p56 K K IAMRE, Rbt K K IAMRE had a stretch of extra 77 amino acids near the 3Ј region. K K IAMRE shares homology with Ser/ Thr kinases p42 K K IALRE (Meyerson et al., 1992) , cdc2 (Lee and Nurse, 1987) , cdk2 (Tsai et al., 1991) , and members of the M AP kinase family, extracellular signal-regulated kinase-1 (Boulton et al., 1990) , c-Jun N-terminal protein kinase-1 (Derijard et al., 1994) , and p38 (Lee et al., 1994) (Fig. 5) .
Regional expression of Rbt KKIAMRE
The expression pattern of Rbt K K IAMRE mRNA was examined in various tissues and in the brain regions of naive rabbits by Northern blot analysis. Rbt K K IAMRE was expressed predominantly in the brain, but expression was also evident in kidney, lung, and testis (Fig. 6) . The tissue-specific expression pattern of Rbt K K IAMRE was thus similar to that of p56 K KIAMRE (Taglienti et al., 1996) . For the Rbt K K IAMRE, Northern blot revealed a single transcript of ϳ4 kb in each tissue (Fig. 6) , whereas two major transcripts were observed in adult testis and kidney for p56 K K IAMRE (Taglienti et al., 1996) . The fine distribution of the expression in the brain was f urther evaluated by immunohistochemistry. For the immunohistochemical detection of rabbit KKIAMRE, we used an anti-KKIAMRE antibody (catalog #sc-6287; Santa Cruz Biotechnology), which is prepared against to the N-terminal 20 amino acids of p56 human KKI-AMRE as an immunogen (Taglienti et al., 1996) . Because the N-terminal 20 amino acids sequence of Rbt KKIAMRE was identical to p56 human KKIAMRE, the antibody was applicable for immunohistochemical study in rabbit. Expression of Rbt KKIAMRE was observed in neurons of the various brain regions. Figures 7A-E represent the immunostaining with anti-KKIAMRE antibody in the cerebellar deep nuclei, hippocampus, cerebral cortex, and cerebellar Purkinje cells of the rabbit brain. Expression was also evident in several brainstem nuclei, in particular the vestibular, trigeminal, and facial nuclei (Fig. 7 F, G) . Strong immunoreactivity was observed predominantly in the nucleus and perinuclear zone of neurons and moderately in the cytoplasm.
Conditioning-dependent induction of Rbt KKIAMRE in the IN
Previous studies indicate that cerebellar cortex and IN are both involved in eyeblink conditioning. To determine the site in which the Rbt KKIAMRE may participate in eyeblink conditioning, we examined the level of transcripts of the Rbt KKIAMRE in these tissues of the eyeblink conditioned animals (100 trials per day; 4 d) by a semi-quantitative RT-PCR-Southern blot analysis. RNAs isolated from the left cerebellar deep nuclei and cerebellar cortex were reverse transcribed using oligo-dT primer, and PCR was performed with primer sets designed for Rbt KKIAMRE and rabbit NF-L cDNAs. To confirm conditioning-induced expression initially found by the 207 bp fragment, a part of KKI-AMRE mRNA outside of the 207 bp fragment was amplified by PCR. As shown in Figure 8 (top), cerebellar deep nuclei from animals trained with CS-US paired stimuli (lanes P1, P2) showed nearly 10 times increased expression of Rbt KKIAMRE when compared with those of animals trained with unpaired stimuli (lanes U1, U2) . However, no difference in expression was observed in the cerebellar cortex between these two groups. PCR with N F-L primers using the same cDNA templates showed comparable levels of N F-L expression in the deep nuclei and cortex of both trained and unpaired pseudotrained animals (Fig.  8, bottom) . These results indicated that the increased expression of Rbt K K IAMRE in the brain was specific for conditioned animals and that the increased expression was localized to the cerebellar deep nuclei.
DISCUSSION
Associative motor learning requires new RNA synthesis
Our results show that inf usion of ActD, an RNA synthesis inhibitor, into the cerebellar interpositus nucleus over the course of eyeblink conditioning completely prevents learning, consistent with a report that protein synthesis inhibition in this nucleus interfered with eyeblink conditioning (Bracha and Bloedel, 1996) . The present results thus strongly support the idea that associative motor learning requires new RNA synthesis. Because eyeblink conditioning typically requires many trials over several days, it is a learning paradigm apparently lacking an obvious short-term component. In addition, once a rabbit is well trained, the CR is robust, not easily extinguished, and retained for months (Lavond et al., 1984) . Indeed, acquisition of the conditioned NM response shows similar temporal characteristics to those found in other associative learning tasks in which formation of long-term memory is required. This is consistent with the idea that long-term memory requires long-lasting changes in synaptic efficacy, which most likely requires synthesis of new RNA-proteins. Accordingly, inf usion of ActD into the interpositus nucleus inhibited eyeblink conditioning. However, once the animal was conditioned, inf usion of ActD had no effect on the performance of CRs. Thus, new mRNA synthesis is essential for acquisition but not expression of the learned response. These results further support our hypothesis that eyeblink conditioning involves longterm changes in the synapses within the cerebellar interpositus nucleus. In the following experiments, we attempt to determine the mRNA that is expressed in the interpositus nucleus during conditioning.
Eyeblink conditioning induces a cdc2-related kinase in the brain
Differential display analysis indicated that eyeblink conditioning led to an increased expression of K K IAMRE, a cdc2-related kinase, in the cells of deep cerebellar nuclei. In this DD-PCR analysis, we set limited conditions for the comparison of the gene expression in rabbits. The subject animals were trained with CS-US paired stimuli and control unpaired stimuli, and the RNAs were isolated from the deep cerebellar nuclei after 4 d training when over 80% of CRs were shown in animals with CS-US paired stimuli. Thus, the induction of K K IAMRE we found might be involved in this restricted region of the brain and only in the late stage of learning. One of the advantages of DD-PCR analysis is to profile a number of genes, and it is reasonable to think that a set of genes change their expression patterns in complex plastic changes. The detectable changes of gene expression analyzed by DD-PCR would depend on which comparable controls are selected. Although we identified one gene, K K IAMRE induction in our analysis in the eyeblink conditioning, the result does not negate the possibility that other genes are induced at different learning phases of the eyeblink conditioning. Therefore, we would propose that KKIAMRE is one of the candidate genes that are closely related to some aspects of associative learning.
KKIAMRE belongs to cdc2-related kinases and MAP kinase families in a broad sense (Taglienti et al., 1996) . The amino acid motif KKIAMRE, like the KKIALRE motif, is a highly conserved motif related to PSTAIRE of the cyclin-dependent kinases (Meyerson et al., 1992) . The Thr-Xaa-Tyr (Thr-Asp-Tyr in the case of KKIAMRE and KKIALRE) phosphorylation motif, which is required for MAP kinase activation and regulated by the upstream dual-specificity kinases (Nishida and Gotoh, 1993) , is conserved in the region between protein kinase subdomains VII and VIII of Rbt KKIAMRE.
Our result raises interesting questions because cdc2 and MAP kinases are primarily involved in cell cycle regulation. Because neurons in the mammalian brain are postmitotic, these kinases may serve a different function in the brain. Recent reports described a neuronal cdc2-like kinase, cdk5, together with a p25 regulatory subunit, which could phosphorylate neurofilament and tau proteins and may be involved in neuronal sprouting and development (Lew and Wang, 1995; Tang et al., 1996) . An attractive hypothesis is that induction of KKIAMRE may be a signal for cellular growth, which would lead to extension of neuronal and glial dendritic process or glial proliferation-migration. Such long-lasting synaptic changes would be suitable for the establishment of a long-term memory trace. Hence, KKIAMRE, like Cdk5, may belong to a novel family of kinases that play a critical role in cognitive functions of the brain. Another subgroup of this kinase family (Fig. 5) , the MAP kinase, was reported to be implicated in a signal transduction pathway that controls synaptic LTF in Apl ysia (Bailey et al., 1997; Martin et al., 1997) . M AP kinase possibly regulates LTF by phosphorylation of transcription factors, such as Aplysia homologs of CREBs CREB1, CREB2, and C / EBPb in the nucleus, as well as by phosphorylation of Apl ysia neural cell adhesion molecule homolog in the synaptic vicinity. Furthermore, p42, a MAP kinase isoform, was reported to be activated in the CA1 area after stimuli that induced long-term potentiation (LTP) in rat hippocampal slices (English and Sweatt, 1996) . These observations suggest that M AP kinases are important regulators of synaptic plasticity in neurons. Thus, if Rbt K K IAMRE functions in the same way as M AP kinases, then K K IAMRE plays a role in long-term synaptic changes that may underlie memory consolidation in the brain.
Other types of kinases in the brain have been shown to play an essential role in different learning paradigms. Much recent attention has been given to the C a2 ϩ -calmodulin-dependent protein kinase II, which has been shown to be necessary for hippocampal LTP, as well as spatial learning tasks (Silva et al., 1992; Soderling, 1993; Mayford et al., 1996; Barria et al., 1997) . Similary, the cAMP-dependent protein kinase pathway and the associated molecule CREB have been implicated in long-term memory in several animal models of associative learning (Kaang et al., 1993; Bourtchuladze et al., 1994; Yin et al., 1994; Abel et al., 1997) . Protein kinase C has been demonstrated to play an important role in hippocampal LTP (Wang and Feng, 1992; Abeliovich et al., 1993; Leahy et al., 1993) and cerebellar LTD (Crepel and Krupa, 1988; Linden and Connor, 1991) , two proposed neural mechanisms underlying associative learning in animals. Because Rbt KKIAMRE is expressed in the hippocampal pyramidal cell layer, its function may also be important in hippocampal-dependent learning, such as spatial learning.
Although the protein -gene structure of Rbt K K IAMRE is a homolog of human K K IAMRE, its cellular f unction may be different from that of human. The cellular distribution of KKI-ALRE protein in the human brain was shown with antibodies to the C -terminal subregion (Yen et al., 1995) . K K IALRE was present in fibrous astrocytes in the white matter, perivascular and subpial spaces, as well as Bergmann glia in the cerebellum, but not in neurons. In contrast, the Rbt K K IAMRE is expressed in neurons, as evidenced by immunohistochemistry (Fig. 7) . This difference clearly implies multiple roles of this kinase in the brain. Further work will be required to uncover the role of Rbt KKI-AMRE and its signaling pathway in associative motor learning, as well as other types of associative learning tasks. Although we have shown that new mRNA synthesis is required for conditioning and K K IAMRE is expressed during conditioning, it is still not clear whether K K IAMRE is necessary for the acquisition of conditioning. Disruption of the Rbt K K IAMRE gene in mice would f urther clarif y the link between this kinase f unction in the brain and behavior.
